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Abstract
A new method which separates phonon scattering from extrinsic scattering in
2D gases in GaAs is presented. In contrast to previous ones, the technique makes
no assumptions about the temperature dependence of the extrinsic scattering. The
preliminary measurements of the phonon limited mobility µph on two electron gas
samples show a Bloch-Grüneisen regime in the temperature range 1.2-4.5K and the
results agree reasonably well with other experimental and theoretical work.

1. Introduction
The mobility of the two dimensional carriers (2D) formed at the interface Alx Ga1−xAs/
GaAs is limited at low temperatures by extrinsic scattering (µex ), associated with remote
and background impurities, and intrinsic scattering (µph ), associated with phonon scattering. Extrinsic scattering has been steadily reduced over the last two decades by advances
and improvements in growth techniques and this has led to records mobilities at low temperatures [1,2]. However, phonon scattering is the ultimate intrinsic limit to the mobility
at any temperature.
Phonon scattering has been studied, both theoretically [3, 4] and experimentally [1,
4] for some time. However, there are still unresolved questions such as the mechanism
for the carrier-phonon interaction (deformation or piezoelectric potentials), the role of
screening and the values of the coupling constants needed for agreement with experiments. At the lowest temperatures, known as the Bloch-Grüneisen (B-G) regime, µph
∝ T −7 (T −5 ) for screened deformation (piezoelectric) scattering. At high temperatures,
µph ∝ T −1 and measurements on high mobility 2D gas are consistent with this dependence for T>5K [2]. So far, however, there have been no direct measurements of µph
at the lowest temperatures. Stormer et al [1] made measurements of µph on very high
mobility 2D electron samples (∼ 1 × 107 cm2 /Vs). In these, it was assumed that the low717
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est temperature mobility (∼0.3K) was due to impurity scattering and that the scattering
for this process is temperature independent. µph was obtained by subtracting a constant
from the measured data.
In this paper, we present a new method that separates phonon and extrinsic scattering
at low temperatures and allows each to be obtained as a function of temperature.
2. Phonon scattering in 2D gases
The energy relaxation rate P of hot 2D carriers due to phonons has been studied
considerably both theoretically and experimentally [5, 7]. This system can be adequately
described by a well defined carrier temperature, since thermalisation by carrier-carrier
interaction occurs at a much faster rate than the carrier-phonon interaction and it is
found that the power loss can be well approximated as P ∝ Ten − T n (Te and T are the
carrier and lattice temperature respectively), where n = 7(5) at the lowest temperatures
in the B-G regime for screened deformation (piezoelectric) scattering and n = 1 at high
temperatures. In our temperature range n ∼ 2 − 3 [5, 7]. So if Te  T , P ∝ Ten and the
carrier temperature Te is independent of T for a given P .
Assuming that Matthiessen’s rule is valid in our temperature range, the device resistance R can be written as:
R = Rex + Rph

(1)

where Rex and Rph are the components due to extrinsic and phonon scattering respectively. Rex is assumed to depend only on carrier temperature (ie independent of lattice
temperature T ). Rph can in turn be expressed as Rph = Rem + Rab , where Rem and Rab
are the resistance components due to phonon emission and absorption respectively.
Rem and Rab can be derived by evaluation the scattering rates due phonon emission
and absorption and [3, 4, 6]

Rem ∞

X

fk (1 − fk 0 )(nq (T ) + 1)

k, k 0 ,

(k − k 0 ) k 0,q
Wk
k
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Rab ∞

X

k, k 0 ,
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Wk 0 ,q
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where k and k 0 denote the initial and final electron states respectively, q is the phonon
0

wavevector with energy ~ω and mode s, fk is the Fermi distribution function, Wkk ,q ∝
q(1/q) is the transition rate for the carrier-phonon interaction for deformation (piezoelectric) and nq (T ) is the phonon occupation number defined by nq = [exp(~ωq,s /kB T )−1]−1 .
After further manipulations and adding the two contributions [ 6], Rph can be written
as
718
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Rph ∝
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Following a similar procedure to that used for the energy loss rate and noting that
the summation over ω is peaked at particular frequencies [5,6], it is possible to obtain a
power law for Rph and
Rph ∝ Ten + T n

(2)

Where n varies from 7(5) for screened deformation (piezoelectric) scattering to 1
depending on the temperature.
Eq.2 shows that Rph can be separated into two terms, the first represents phonon
emission at Te while the second represents phonon absorption at T .
3. A new technique for separating phonon and extrinsic scattering in 2D
To estimate the phonon contribution to the resistance at a lattice temperature T , we
measure:
(i) The resistance R in equilibrium at T, R(T ), by passing a very low current through the
device so that Te = T .
(ii) R in the hot carrier regime for the same input power through the device Pe at two
lattice temperatures:
(a) Ra at T and (b) Rb at T0 < T .
We assume the carrier temperature are (Te )a and (Te )b respectively.
In (b), T0 =1.2K is the minimum lattice temperature and is chosen to be low enough for
phonon scattering to be negligible.
If the power Pe is high enough so that (Te )a T and (Te )b  T0 , the carriers have
approximately the same temperature Te both in (a) and (b).
If the resistance of the device is solely dependent on the carrier temperature Te , which is
the case when phonon scattering is negligible, Ra ≈ Rb , If, however, phonon scattering
cannot be neglected, Ra > Rb and Rph can be determined from Ra and Rb using the
following:
In (i), When Te = T , the net rate of phonon emission by the 2D is zero so the phonon
emission rate from the 2D carriers equals that for absorption or Rem = Rab (eq.2 ) and
the resistance in eq.1 can be written as
R(T ) = Rex(T ) + 2Rab (T )

(3)

In (ii), when Te  T, T0 , Rem is independent of the lattice temperature T and depends
only on the carrier temperature Te (eq 2) [5]. Assuming that the phonon absorption
depends on the lattice temperature only [5] (eq 2) and that it does not change with P
which is reasonable since the change in the local lattice temperature with P is negligible
in our experiments, Ra and Rb can be expressed as:
Ra = Rex(Te ) + Rem(Te ) + Rab (T )

(4)
719
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and
Rb = Rex(Te ) + Rem(Te ) + Rab (T0 ) ≈ Rex(Te ) + Rem (Te )
Since phonon scattering is assumed to be negligible at T0 , ie Rab (T0 ) ≈0. Hence
∆R(T ) = Ra − Rb ≈ Rab (T )

(5)

(6)

which represents the resistance caused by phonon absorption at a temperature T . Using
eqs.3 and 4, Rph and Rex can then be calculated as
Rph (T ) = 2∆R(T )
Rex(T ) = R(T ) − 2∆R(T )

(7)
(8)

4. Experiments and preliminary results
The technique has been applied to a 2D electron gas in GaAs in the temperature range
1.2-4.5K and preliminary measurements on two modulated doped GaAs/(Al0.4 Ga0.6)As
heterojunctions devices are presented. Sample A had an electron density 1K mobility
of ns =2.85×1015 cm−2 and a 5.5×105 cm2 /Vs while sample B contained ns =0.85×1015
cm−2 electrons and had a mobility of 3.6×106 cm2 /Vs. The samples were immersed in
liquid helium and four terminal measurements of the DC resistance of the device were
made to avoid any contact resistance problems.
Figure 1 shows the power dissipated per electron P as a function of the device resistance R at the minimum lattice temperature T0 =1.2K, where phonon scattering is
assumed negligible, but also at a number of higher temperatures T (1.25 < T < 4.5K).
Rb is the resistance at P = Pe and T0 .
For each lattice temperature T, ∆R(T ) = Ra − Rb , where Ra is the value of R at the
same power Pe but at T . To ensure that (Te )a  T and (Te )b  T0 for all temperatures,
∆R(T ) is measured at Pe ≥ 105 eV/s which corresponds to heating the electrons to Te ∼
10K  T0 , T [4,7]. Rph (T ) is then estimated using eq.5 and the corresponding variation
of phonon limited mobility µph with T is shown in Fig 2. µph varies approximately as
T −n , where n varies from about 4.7 at the lowest temperatures to about 3 near 4.2K for
sample A and from 4.3 to 2 for sample B, which suggests that a B-G regime is observed for
both samples for T<4.5K. Also shown in Fig.2, are the numerical calculations by Karpus,
which include both deformation and piezoelectric scattering but exclude screening [4], and
the experimental measurements of Stormer et al [1]. As can be seen, reasonable agreement
is obtained at 4.2K. However their temperature dependence are both somewhat weaker.
Figure 3 shows the variation of the device resistance with temperature at equilibrium
(Te = T ) for both samples. The extrinsic scattering, Rex estimated from eq.6 is also
shown. As seen, for both samples, Rex varies as as -T 2 and the data from both samples suggest that relative change in Rex with temperature δRex /Rex is approximately
∝ −(kB T /EF )2 (EF is the Fermi energy). This dependence is consistent with other measurements [8] and is explained by a decrease in impurity scattering as a result of thermal
720
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smearing of the Fermi surface [8,9]. It is of note that for both samples, the temperature
dependence of the resistance is dominated by phonon scattering as expected in these high
mobility samples. Finally using these results, it is possible to use the resistance of the
device to measure the electron temperature and hence the energy loss rate of the 2D
carriers by phonon emission. The method and results will be presented and discussed
elsewhere [10].
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Figure 1. The power per electron P vs the resistance of the device R at the minimum lattice
temperature T0 =1.2K but also at higher temperatures T for sample A. Rb is measured for
P = Pe and T0 . For each lattice temperature T, ∆R(T)=Ra − Rb , where Ra is measured at the
same power Pe but at T .
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Figure 2. The temperature dependence of the phonon limited mobility µph for samples A and
B. Also shown are the theoretical calculations by Karpus for a density ns =2×1011 cm−2 and
measurements by Stormer et al on a sample with ns =2.2×1011 cm−2 .

721

OUALI, FRANCIS, RHODES

528

_

520

_

516

_

512

_

508

_

R

Rph

1

2

_

504

_

Rex

_

R(Ω)

Sample A
524

3
T(K)

4

5

280
Sample B
270

R

_

_

250

_

R(Ω)

260

Rph
240

_

230

_

220

_

1

2

3
T(K)

_

210

_

_

Rex

4

5

Figure 3. The variation of the device resistance R and the resistance component due to extrinsic
scattering Rex with temperature for both samples (A and B). The dashed line indicates a -T 2
dependence both for A and B.
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5. Summary
In summary, we have proposed a new method to separate phonon scattering and extrinsic scattering in 2D and which allows each to be obtained as a function of temperature.
The technique has been applied to a 2D electron gas in GaAs in the temperature range
1.2-4.5K and preliminary measurements of the phonon limited mobility µph agree reasonably well with other experimental and theoretical works. In addition, the temperature
dependence of the extrinsic scattering is also consistent with other measurements and
theory. Further work is in progress to improve the accuracy of the measurements and
to extend them to 2D electron gases with lower mobilities. It is also planned to make
measurements on hole gases.
We would like to thank L.J. Challis for valuable discussions, M. Henini and C.T.
Foxon for supplying the devices and finally A.J. Kent and S.A. Cavill for their help with
the experimental set up.
References
[1] H.L. Stormer, L.N. Pfeiffer, K.W. Baldwin and K.W. West, Phys. Rev B41 (1990) 1287.
[2] J.J. Harris, C.T. Foxon, D. Hilton, J. Hewett, C. Roberts and S. Auzoux, Surf. Sci. 229
(1990) 113.
[3] P. Price, Ann. Phys. 133 (1981) 217.
[4] V. Karpus, Semicond. Sci. Technol. 5 (1990) 691.
[5] L.J. Challis, G.A. Toombs and F.W. Sheard, Physics of phonons, ed. T. Paskiewicz, Lect.
Notes in Physics, Springer (1987) 285, also V. Karpus, Sov. Phys. Semicond. 22 (1988) 268.
[6] F.W. Sheard, unpublished notes.
[7] D.R.Leadley, R.J. Nicholas, R.J. Harris and J.J. Foxon, Semicond. Sci.Tecnol. 4 (1989) 879.
[8] M.A. Paalanen, D.C. Tsui, A.C. Gossard and J.C.M. Hwang, Phys. Rev. B29 (1984) 6003.
[9] F.Stern and S. Das Sarma, Soli. Stat. Elect. 28 (1985), 211.
[10] F.F. Ouali, in preparation.

723

